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INTRODUCTION
Flavonoids are a family of polyphenolic chromophores which are abundant in nature in many fruits and vegetables. The flavonoids consist of six major groups; flavones, flavanones, flavanols, flavonols, isoflavones and anthocyanins each of which have their own biological characteristics ( Figure 1 ) [1] . Flavones, such as luteolin, have been found to exert potent anticancer, anti-inflammatory and antioxidant properties and have also been linked to the reversal of multidrug resistance in tumour cell lines [2] . Flavonoids have been found to have strong antimicrobial, anticancer, antioxidant, hepatoprotective and antiinflammatory activities [1, 3] . Reports show the consumption of a diet with substantial quantities of these polyphenols produced a marked reduction in the occurrence of chronic illness such as coronary heart disease and strokes [1, 3] . Traditional medicines are known to have been used to treat infections and illnesses. In many of these concoctions, high levels of phenolic compounds such as flavonoids and their derivatives can be found [4] [5] [6] . The existence of hydroxyl groups on the A-ring in the 5 and 7 positions, on the B-ring on the 2' and 6' positions ( Figure 1 ) (1) and the double bond on the C ring that keeps the A-and B-rings in a planar conformation allow for intercalation of the aromatic systems with DNA [4] which are believed to be key in the inhibition of tumour growth [7, 8] . Several reports have shown the presence of 2 flavonoid scaffolds linked together in different plants, such as Daemonorops draco [9] , Ginkgo Biloba [10] , Garcinia buehanani [11] , Pentagramma triangularis [12] and Coniferae [13] ; these unusual structures might provide different biological activities. In general, the synthetic chemistry of flavonoids is based on simple modifications such as hydroxyls, carbohydrates, halogens and dimerization with enzymatic reactions [14] . The versatility of a click chemistry approach allows for the exploration of novel families, using a low cost synthetic route allowing easy purification. The aim of this study was to produce a new family of symmetrically-substituted bisflavonoids using a green chemistry approach. In the first step we produced a library of mono-substituted flavones expanded from three individual core structures; 7-hydroxy-2-phenyl-4H-chromen-4-one (2), 2-(3'-hydroxyphenyl)-4H-chromen-4-one (3), and 2-(4'-hydroxyphenyl)-4H-chromen-4-one (4). In the second step, the substituted monomers were linked to produce bis-flavone dimers (5), which consist of two separate modified mono-flavones linked through a central triazole ring with varying overall carbon chain lengths and functionality ( Figure 2) . This chemistry was achieved by employing a click chemistry approach where an alkyne and an azide are reacted to form a triazole ring. Of particular note is the development of a short reaction time, high-yielding, green microwave process to synthesise the bis-flavones. These bis-flavone dimers were tested for both specificity and potency using assays of cell cycle arrest, and growth inhibition. Three active sites were identified on the mono-flavone ring structures which provided the potential for effective expansion and combination, one on the A-ring at the 7 position, and a further two on the B-ring at the 3' and 4' positions. A family of mono-flavones at position 3' was explored but they were not successful in the next stage for producing bis-flavonoids due to steric hindrance, the characterization of 2-(3'-hydroxyphenyl)-4H-chromen-4-one appears is Suppl Mat.
RESULTS AND DISCUSSION
Chemistry
The 7-hydroxy-2-phenyl-4H-chromen-4-one (2), 2-(3'-hydroxyphenyl)-4H-chromen-4-one (3), and 2-(4'-hydroxyphenyl)-4H-chromen-4-one (4) flavone structures were produced using the Baker-Venkataraman method [15, 16] . Upon the production of these core flavone structures, modification was undertaken at the corresponding hydroxyl group through the application of microwave assisted O-alkylation [17] . Other approaches were attempted to produce the mono-flavones, such as the Mitsunobu reaction, including sonication, however these were found to be much less effective providing lower yields and requiring extensive purification [18] [19] [20] . The use of a microwave reactor and less-hazardous reactants were essential in increasing the yield and improving the purification process as well as making the process more in line with a green chemistry approach. The use of a microwave reactor drastically reduced the reaction time from 12-24 hours achieving a 40-50% yield to just 0.1 hours with a yield >85%. The reaction also occurred in ethanol which has advantages over anhydrous tetrahydrofuran (THF) or anhydrous dichloromethane (DCM) as used in the Mitsunobu reaction. The respective flavone underwent expansion with a linker molecule of between 3 and 6 carbons in length with a terminal functionality of either halogen (Br or Cl), or an alkyne group as shown in Schemes 1 and 2, to produce 6e, 6f, 7d and 7e di-halogenated reagents were used; the reactions proceeded through a SN2 mechanism between the alkoxide on the flavonoid and the alkyl halide (or alkyl di-halide. These functional groups are essential for the following step which involved the transformation of the halide into an azide, accompanied by 1, 3-dipolar cycloaddition and the formation of the central triazole ring by in situ click chemistry [21] . The reaction was undertaken in 35 mL Pyrex pressure vessels, sealed with SP-D Pressure Caps both from CEM UK to which the desired flavone 2, 3, or 4 was added and suspended in a minimal volume of pure ethanol before the base, potassium carbonate, was added in excess. The bis-flavone dimers were produced through the application of click chemistry relying on the process of 1, 3-dipolar cycloaddition whereupon an azide and alkyne functional group will form a 1,2,3-triazole ring structure [21, 22] (Schemes 3 and 4 ). An essential step for the progression of the click reaction is the formation of the unstable azide from the halogenated mono-flavones. The initial approach involved a two-step synthetic methodology which involved the formation of flavone azide in a separate reaction before undertaking the 1,3-dipolar cycloaddition. However, it was found to be much more efficient to perform the azide formation in situ with the click chemistry [23, 24] . The combination of these two steps to produce the azide in situ not only provided a one-pot, single step reaction to produce the bis-flavone dimers but also avoids the production of the highly reactive primary azide. In order to be classified as a click chemistry reaction the reaction must adhere to certain rules, such as being wide in scope, provide high yields, water and oxygen insensitivity and easy to perform with readily available reagents [25] . The formation of these dimers was performed following the click chemistry guidelines as the reaction took place in a very mild environment using a solvent system of a 1:1 ratio of water and tertiary butanol. The use of copper as a catalyst in these reactions acts to increase reaction rate and yield and is provided by both metallic Cu and the Cu 2+ ion from CuSO4. These reagents are widely available, non-hazardous and easily removed which increases the applications of this method of synthesis. While Sharpless and colleagues reported that click chemistry could proceed at room temperature with no requirement for the input of an external energy source the formation of the bis-flavone dimers was performed under reflux [21] . This was done in order to reduce the reaction time from 48-96 hours when unheated to just 12-24 hours. A further improvement was the application of the microwave reactor as this led to a further decrease in reaction time to just 0.25 hours. The microwave reactor was ideal as an external energy source as it removed the necessity for lengthy heating by reflux further increasing this method of bis-flavone productions' green credentials. The in situ click chemistry reaction was undertaken as described in Schemes 3 and 4. The respective halogenated and azide functionalised flavones were added into a sealed microwave vial along with a slight excess of sodium azide and catalytic amounts of copper turnings, aqueous copper sulphate solution and sodium ascorbate. Sodium ascorbate acts as a reducing agent to generate the Cu(I) which is essential in the catalysis of click chemistry [18] .
The materials were suspended in a mixture of water and t-BuOH in a 1:1 ratio and heated at 150 o C in a microwave reactor at 100 W power. Upon cooling the suspension was diluted with ice cold, distilled water and the contents of the vial were poured onto crushed ice leading to the precipitation of the pure bisflavone dimer which was washed, collected and dried by filtration. A total of 12 bis-flavone dimers were synthesized and characterized. The structures of the products were confirmed by 1 H NMR, 13 CNMR and IR and Mass spectral data. 
Anticancer activity
Cancer is responsible for up to 8 million deaths annually worldwide accounting for almost 13 % of all global mortalities with lung, colorectal, breast and liver being some of the most commonly diagnosed types [25] . The National Cancer Institute (NCI) has identified in excess of 100 cancers each requiring specific treatment approaches [25, 26] . Many factors, such as the environment (including pollutants or direct sunlight), age, weight and diet, a genetic predisposition and exposure to carcinogens and infectious agents, have the potential to increase the likelihood of cancer [26, 27] . The growth inhibition activities of the bis-flavone dimers were determined in a series of tumour and nontumour cell lines. These cell lines represent some of the most common cancer types including leukaemia (MOLT-4), colorectal (HCT116), breast (MCF-7) and liver (Hep G2) cancers along with an immortalised keratinocyte (HaCaT) non-tumour cell line. HaCaT is used to determine if the growth inhibition activity was specific to cancerous cell lines as an ideal characteristic of an anticancer agent would be a lack of activity on non-cancerous cells (Table 1) . From the growth inhibition studies several active compounds were identified. Bis-flavone dimers 8, 14, 15 and 16 were found to produce IC50 concentrations in the low micromolar range in several cell lines. The degree of growth inhibition of each dimer was dependent on the cell line. The bis-flavone dimer 9, joined by the 7 position in an L shape, was found to be active on HepG2 and MOLT4 (27 and 56 µM respectively). Dimers joined at the 4'-position with a more U shaped structure, showed more activity in general with 14, 15 and 16 being all active on MOLT4, with 16 being active also of HepG2 and MCF7. Though 15 was active on MOLT4 (24 µM), it was also active on HaCaT (47 µM), demonstrating an unwanted toxicity on a non-cancerous cell line. Other cell lines were tested, such as colorectal cancer Caco-2 and kidney cancer Caki-2, but none of the compounds showed activity on them. 
EXPERIMENTAL SECTION
Materials and instruments
Unless stated otherwise all chemicals and reagents were used as received. Synthetic reagents were purchased from SigmaAldrich, Thermo Fisher Scientific, Apollo Scientific or TCI-UK. 1 H and 13 C NMR spectra were measured on a Bruker AC400 NMR spectrometer using dimethyl sulfoxide-d6 as the solvent and tetramethylsilane (TMS; δ = 0) as the internal reference. All solvents used for NMR analysis were purchased from Cambridge Isotope Laboratories Incorporated. High resolution mass spectra were recorded on an Agilent Technologies 1260 series HPLC coupled with an Agilent 6120b Quadrupole LC/MS with ESI source. Infrared spectra were measured on a Thermo Scientific Nicolet iS10 and melting point analysis was performed on a Stuart Melting Point SMP20. Microwave assisted reactions were performed in a CEM Discover SP microwave reactor. Silica gel chromatography was performed using silica gel 60 Å with a pore size of 40-63 µm (Fluorochem Limited). Silica thin layer chromatography was performed on pre-coated aluminium sheets with a 0.2 mm thickness obtained from Thermo Fisher Scientific. Anhydrous tetrahydrofuran was distilled over sodium and benzophenone prior to use. All other anhydrous solvents were purchased from Thermo Fisher Scientific.
General Procedure for the Synthesis of flavonoid skeleton.
A general synthetic method was employed following Ares' approach [7, 15] employing hydroxyacetophenone and benzoyl chloride derivatives in dry THF and under an inert atmosphere.
General Procedure for the Synthesis of modified mono-flavones using microwave assisted O-alkylation
The general synthetic method was employed to produce the alkyl modified mono-flavones. Inside a 10 ml Pyrex pressure vessel, flavone derivative (2.1 mmol) and an excess of potassium carbonate (8.4 mmol) were suspended in ethanol (5.0 ml) and mixed thoroughly by use of a vortex for 60 seconds. To this mixture alkyl bromide or chloride (4.2 mmol) were added before the reaction vessel was sealed with SP-D Pressure Caps and irradiated in the CEM Discover SP microwave reactor for 6 minutes at 100 o C with 100 W constant power. The vessel was constantly cooled to maintain temperature during reaction and to cool down to room temperature after completion by the use of compressed air. The reaction mixture was then poured into ice water and stored at 4 o C for 12 hours to allow slow precipitation to occur. The resulting precipitate was collected using filtration, washed with ice cold water (2 x 20 ml), followed by ice cold petroleum ether (2 x 20 ml) and allowed to air dry.
General Synthesis of bis-flavone dimers
The general synthetic method was employed to produce the azido-modified mono-flavones and followed by in situ click chemistry. Inside a 10 ml Pyrex pressure vessel, flavone derivative (0.64 mmol), sodium azide (1.95 mmol) and copper turnings (0.33 mmol) were suspended in a mixture of water and tert-butanol (1:1, 3.0ml) and vortexed for 30 seconds. To the suspension aqueous copper sulphate solution (0.1 M, 0.3 ml) and sodium ascorbate solution (1.0 M, 0.1 ml) were added and the vessel was sealed with SP-D Pressure Caps and irradiated using a CEM Discover SP microwave reactor for 15 minutes at 125 o C with 300 W constant power. The vessel was constantly cooled to maintain temperature during reaction and to cool down to room temperature after completion by the use of compressed air. The contents were then poured into ice water and stored at 4 o C for 12 hour facilitating the formation of a pale brown precipitate. The precipitate was collected, suspended in dichloromethane and passed through a silica plug. The organic filtrate was concentrated in vacuo and the resulting solid was washed with aqueous hydrochloric acid (0.25 M, 10.0 ml), ice cold water (15.0 ml) and petroleum ether (15 ml). The resulting solid was purified by column chromatography (silica 60Å, ethyl acetate: petroleum ether 1:1) to yield bis-flavone.
Characterisation
Characterisation of compounds 2 to 7 are provided in the supplementary material. 3-(4-(((4-Oxo-2-phenyl-4H-chromen-7-yl)oxy)methyl)-1H-1,2,3-triazol-1-yl)propoxy)-2-phenyl-4H-chromen-4 (3-(4-((4-(4-Oxo-4H-chromen-2-yl)phenoxy)methyl)-1H-1,2,3-triazol-1-yl) (C-H, alkane), 3292cm -1 (C-H, aromatic). 1H-1,2,3-triazol-1-yl) 
7-(
7-((1-(4-((4-Oxo-2-phenyl-4H-chromen-7-yl)oxy)butyl)-1H-1,2,3-triazol-4-yl)methoxy)-2-phenyl-4H-chromen-4-
7-(2-(1-(4-((4-Oxo-2-phenyl-4H-chromen-7-yl)oxy)butyl)-1H-1,2,3-triazol-4-yl)ethoxy)-2-phenyl-4H-chromen-4-
7-(3-(1-(4-((4-Oxo-2-phenyl-4H-chromen-7-yl)oxy)butyl)-1H-1,2,3-triazol-4-yl)propoxy)-2-phenyl-4H-chromen-4-
7-(4-(1-(4-((4-Oxo-2-phenyl-4H-chromen-7-yl)oxy)butyl)-1H-1,2,3-triazol-4-yl)butoxy)-2-phenyl-4H-chromen-4-
2-(4'-
2-(4'-(3-(4-(2-(4-(4-Oxo-4H-chromen-2-yl)phenoxy)ethyl)-
Cell culture and growth inhibition studies
RPMI-1640 supplemented with 10% heat inactivated FBS, L-glutamine (1.0 mM) and streptomycin (1.0 mM) was used to culture Hep G2, MCF7, HCT116 and MOLT-4 cell lines.
McCoys 5A supplemented with 10% heat inactivated FBS, L-glutamine (1.0 mM) and streptomycin (1.0 mM) was used to culture the HaCaT cell line. Culture was undertaken in a humidified incubator with 5% CO2 at 37 o C until 75% confluence was reached. The general method undertaken for growth inhibition studies used cells grown in T-75 cell culture flasks before being aliquoted into sterile 96-well plates and incubated for 12 hours. The cells were then treated with a concentration gradient (125 -1.9 µM) of bis-flavone dimer for 48 hours. Following this the cells were aspirated and 30.0 µL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (5.0 mg/ml in PBS) were added. The plate was incubated for 3.5 hours at 37 o C in an environment of 5% CO2 before the wells were aspirated and 100 µL of DMSO added. The 96 well plates were agitated using an orbital stirrer for 60 seconds before absorbance readings at 570 nm and 630 nm were taken using a Thermo Labsystems MultiSkan Ascent system. For suspension cell lines the same method was undertaken however MTS was used in place of MTT, following manufacturer's guidelines (Promega, UK). The growth inhibition studies using MTT/MTS assays were performed on a Thermo Labsystems MultiSkan Ascent system.
CONCLUSION
In summary, we have shown that through the linking of two mono-flavones it is possible to form a bis-flavone dimer. The synthetic procedures developed to produce both the monoflavones 6-7 and bis-flavone dimers 8-18 were designed and optimized to produce high yields of the novel compounds utilising green chemistry conditions. The absence of harsh conditions, prolonged heating and the generally accessible required reagents will allow for the synthesis of dimers of additional analogues in this series to further evaluate biological activity. This study has highlighted the advantages of combining two mono-flavones with an efficient and green synthetic approach is successful for the production of new molecules. Bis-flavone dimer 16 was identified as the lead molecule from this study as it caused substantial growth inhibition in a number of cell lines. The carbon chains which link the two mono-flavone moieties, are two and three carbons in length with a central 1,2,3-triazole ring. Dimeric approaches to produce anticancer agents has been explored and produced interesting results. Dimers based on quinones, coumarins, and acridines have shown a greater interaction with heterodimer and homodimer proteins as well with DNA[28]. This principle was followed in this new family of flavonoids. This study has highlighted the advantages of combining two mono-flavones in order to produce more selective and highly active bis-flavone dimers. The identification of the lead bis-flavone dimer, 16, and the development of efficient and green synthetic methods will allow the extension of this study to further elucidate the parameters that control activity and selectivity in this novel class of agent.
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